Along the Norwegian coastline there are more than 9.000 harbour structures, most of which are concrete structures, where the durability has typically been specified in the form of some prescriptive requirements to maximum w/c-ratio and minimum cement content and concrete cover. Even for relatively new concrete structures, where the durability requirements have been in accordance with the new European Concrete Code EN 206-1, the concrete structures are typically showing chloride-induced corrosion within a period of 10 years.
In recent years, extensive research has been carried out in many countries in order to obtain a more controlled service life of concrete structures in chloride containing environments, and based on this, a probability-based service life design has proved to be very valuable. Although there is a lack of relevant data, this methodology has been successfully applied to several new concrete structures, where strict requirements to durability and long-term performance have been specified.
In order to provide more data and experience with probability-based service life analysis of concrete harbour structures, three relatively new concrete structures in Norwegian harbours were selected for field investigations and subjected to service life analysis. For each structure, the investigation included a large number of chloride penetration measurements, surface potential mapping and concrete cover measurements. In addition, accelerated chloride diffusivities were determined based on drilled out concrete cores.
For the modelling of the chloride ingress, Fick's Second Law of diffusion in combination with a time dependent diffusion coefficient was applied. For the reliability analysis, a Monte Carlo simulation was performed.
For all the concrete structures investigated, the service life analysis showed that the probability of failure in the form of onset of steel corrosion exceeded 10 % within a period of 10 years, and the field investigations revealed that onset of steel corrosion within a period of 10 years had already taken place. These results indicate that the durability requirements according to the new European Concrete Code EN 206-1 are not adequate for assuring appropriate durability of concrete structures in a marine environment. For all new concrete structures in a marine environment, therefore, a probability-based durability design should be carried out.
Introduction
In recent years, an extensive amount of research has been carried out in many countries in order to better understand and control the performance of concrete structures in chloride containing environments [1] . In particular, the introduction of a probability-based durability design has proved to be very valuable [2] [3] [4] . Although there is a lack of relevant data, this methodology has already been successfully applied to several new concrete structures, where strict requirements to durability and long-term performance have been specified.
In order to provide more data and experience with probability-based service-life analysis of concrete harbour structures, three relatively new concrete structures in Norwegian harbours were selected for field investigations and subjected to a service life analysis, some results of which are presented in the present paper.
Service life analysis

Serviceability limit state
When reinforcement corrosion in a concrete structure takes place, the degradation process will develop as principally shown in Figure 1 . While the depassivation of the embedded steel represents a well-defined stage of the degradation process, both cracking and spalling of the concrete cover do not necessarily reflect the degree of corrosion. Therefore, it appears appropriate to define the stage of depassivation or onset of steel corrosion, as the serviceability limit state.
Chloride penetration
The rate of chloride penetration into concrete as a function of depth is normally modelled by the use of Fick's Second Law of diffusion:
where C(x,t) is the chloride ion concentration at a distance x from the concrete surface after being exposed for a period of time t to the source of chlorides, and D C is the chloride diffusion coefficient. By solving this differential equation for predefined boundary conditions, the following equation is obtained:
where C S is the chloride ion concentration on the concrete surface, and erf is the error function.
Since the diffusion coefficient is time dependant [5] , a commonly used expression is:
where D 0 is the achieved diffusion coefficient at the time t 0 , and the exponent n represents the ability of the concrete to increase the resistance against chloride penetration with time.
By substituting Eq. 3 into Eq. 2, an expression is obtained that permits the prediction of the chloride levels based on a time dependent diffusion coefficient, given by:
Probabilistic analysis
For a given structure, both the concrete properties and the parameters for environmental exposure typically show a high scatter. Therefore, a probabilistic approach to the service-life assessment appears appropriate.
In the present study, the probabilistic analysis was carried out by use of the Monte Carlo Method (MCM), which includes the calculation of a limit state function for a large number of trials. The generic limit state function is g(r,s) < 0, where s represents the load and r the resistance. By rearranging Eq. 4, the load s can be represented as a depth of penetration of chloride ions:
where c CR is the critical chloride level at which the depassivation of the steel reinforcement occurs. The concrete cover represents the resistance r.
For each trial, the variables are randomly sampled from the probability distribution function that represents their scatter, and the limit state function g(r-s)<0 is evaluated. The probability of failure is given by the ratio between the number of trials resulted in a negative performance of the limit state function and the total number of trials.
The MCM is both simple and intuitive, since it is easy to implement, and its accuracy mainly depends on the number of trials [6] .
Field investigation
Three relatively new Norwegian concrete harbour structures (W1, W2 and W3) were selected for field investigations and subjected to a probability-based service life analysis. The structures had a water front of 94, 131 and 80 m, respectively, and each structure consisted of an open concrete deck on top of steel tubes filled with concrete. Although the durability had been specified according to the Norwegian Concrete Code NS 3420 [7] with a maximum w/c-ratio of 0,45 and a minimum content of portland cement (PC) of 300 kg/m 3 and minimum concrete cover of 50 mm, for all the structures, more cement had been used as shown in Table 1 . For Structure W1, 5 % addition of condensed silica fume (CSF) by weight of cement had also been used. Hence, the durability requirements according to the new European Concrete Code EN 206-1 [8] were also fulfilled. At the time of field investigation, the age of the concrete structures varied from 7 to 8 years, and the condition assessment was primarily based on a large number of chloride penetration measurements, surface potential mapping and concrete cover measurements. For the Structures W2 and W3, a few Ø100 mm concrete cores were also drilled out for testing of chloride diffusivity [9] . Since the deck beams represented the most exposed and vulnerable parts of the structures, all measurements were concentrated to a few representative beams of each structure as shown in Figure 2 . For Structure W1, three different beams were analysed (B1s, B2u, B3s and B3u), where the suffixes represent the different beam surfaces: s-side, u-underneath. For the Structures W2 and W3, only two beams (B4s and B5s) and one beam (B6s), respectively, were investigated. For Structure W1, the dominant wind directions were NW and SW, while for Structures W2 and W3, the dominant winds ranged from NE to NW. The top level of the decks above the mean water level was +4.00 m for W1, +3.00m for W2 and +3.80 for W3, respectively.
Results and Discussion
Condition assessment
For all the three concrete structures, the condition appeared to be very good without any visual sign of reinforcement corrosion. For most of the beams investigated, however, the chloride profiles revealed that a critical level of chloride concentration of 0.07% by weight of concrete, had already reached embedded steel as typically shown in Figures 3 and 4 .
Apart from Beam 5s where a depth of approximately 30 mm was observed, the critical level of chloride concentration had reached a depth varying from 40 to 55mm. The electrical potential mapping on the concrete surface of the beams confirmed that a depassivation of the reinforcement had taken place. In order to characterise the level of concrete quality, both accelerated chloride diffusivity and electrical resistivity were determined on drilled out concrete cores from the Structures W2 and W3 (Table 2 ). Based on previous experience (Table 3) , the observed results indicate that the concrete in question only had a moderate resistance against chloride penetration. In order to determine the surface chloride concentration and the apparent diffusion coefficient, the chloride profiles were fitted with Eq. 2, the results of which are shown together with some other parameters for the structures in Table 4 . 
Probability analysis
In order to analyse the performance of the concrete structures probabilistically, it was necessary to determine the statistical parameters that define the probability density curves of the model variables ( Table 4 ). The concrete cover (x c ) for the structures was determined on the basis of a large number of concrete cover measurements. The apparent diffusion coefficients (D A ) were determined from the curve fitting of a large number of chloride profiles. Beam B6 of Structure W3 had a N(1.51;0.45) distribution, and since negative diffusion coefficients cannot exist, a lognormal distribution was adopted for this beam. A critical chloride content (c CR ) of 0.07% by weight of concrete with a CoV 10% was adopted, which corresponds to a critical chloride concentration of 0.40 % by weight of cement for a concrete with 400 kg/m 3 of portland cement. The surface chloride concentrations (c S ) were determined from the curve fitting of Fick's Second Law to the chloride profiles. The exponent n, which expresses the time-dependence of the diffusion coefficient, was based on a value suggested in the Duracrete Document BE95-1347/R15 [3] for OPC concrete in a tidal and splash zone. The parameter for the model uncertainty takes into account the uncertainties that related to the simulation of a real degradation process [11] . Only normal and log-normal distributions were used, and the measurements confirm that the parameters showed a high level of scatter.
Based on the statistical parameters shown in Table 4 , the probability of failure in the form of time to depassivation versus time of exposure was analysed for a period of up to 50 years as shown in Figures 5 and 6 . From Figure 5 it can be seen that the beams in Structure W1 showed a difference in performance, which may partly be due to difference in concrete quality and partly due to difference in environmental exposure. The better performance of Beam 3s typically demonstrates that the surface of Beam 3 was more protected from exposure compared to that of the other beams. The same behaviour can be observed for Structure W2 in Figure 6 , where Beam 5s was also more protected than Beam 4s. According to NS 3490, which is the Norwegian Standard for requirements to reliability in design of structures, the probability of failure for a serviceability limit state should not exceed 10 % [12] , and according to Eurocode 1 the probability of failure for a serviceability limit state should not be more than 7 % [13]. For all the beam elements investigated except for Beam 3s, it can be seen from Figures 5 and 6 that the probability of failure in the form of onset of steel corrosion exceeded 10 % within a period of up to 10 years, while the field investigations revealed that onset of steel corrosion within a period of 10 years had already taken place. These results indicate that the durability requirements according to the new European Concrete Code EN 206-1 are not adequate for assuring appropriate durability for concrete structures in marine environments.
Conclusions
In the present investigation, both the number of concrete structures included and the amount of measurements carried out were limited. For the probabilistic analysis, a number of assumptions were also made. However, on the basis of the results obtained, the following conclusions appear to be warranted:
1. For all the structures investigated, the probability of failure in the form of onset of steel corrosion exceeded 10 % within a period of 10 years.
2. For all the structures investigated, the field investigations revealed that onset of steel corrosion within a period of 10 years had already taken place.
3. The results obtained indicate that the durability requirements according to the new European Concrete Code EN 206-1 are not adequate for assuring appropriate durability for concrete structures in a marine environment.
4. For all new concrete structures in a marine environment, a probability-based durability design should be carried out.
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